View Article Online / Journal Homepage / Orbitals showing σ-donation from H 2 to the metal and π-back-donation from the metal to the dihydrogen are identified, and atoms-in-molecules analysis indicates that the electron density at the bond critical points of the bound H 2 is similar to that of classical Kubas systems. The Kubas interaction is dominated by σ-donation from the H 2 to the metal for Cr(II), but is more balanced between σ-donation and π-backdonation for the Ti(II) and V(II) analogues. This difference in behaviour is traced to a lowering in energy of the metal 3d orbitals across the transition series.
Introduction
The practical implementation of hydrogen as a fuel for road vehicles has several problems, including storage of the hydrogen in a compact space. Liquid storage has a high energy cost due to the cooling required, and hydrogen is lost during boil off, whilst high pressures (in excess of 300 bar) require specialist materials for the tanks. To circumvent these issues it has been suggested to incorporate within pressurised tanks a storage material to which the hydrogen can bind, to increase the storage capacity of the tank at a lower pressure. The United States Department of Energy (DOE) has targets to be met by 2015 for such storage systems. These include a gravimetric storage density of 5.5 wt%, a volumetric storage capacity of 40 g L −1 and a 3.3 min refuelling time for a 5 kg tank. 1 Many different types of hydrogen storage materials have been investigated, and may be categorised according to the strength of the bond between the hydrogen and the material. At one end of this scale are metal hydrides, which bind the H atoms with a strong covalent bond (40-80 kJ mol −1 ), 2, 3 whilst at the other end are materials such as zeolites or carbon based frameworks that physisorb H 2 molecules through weak van der Waals forces (3-6 kJ mol −1 ). 4 The high storage capacities of the metal hydrides are offset by the energy costs of cooling the material during uptake, and heating the material to drive off the H 2 for use, while the ease with which the H 2 may be removed from materials that physisorb hydrogen is balanced by their low storage capacities (generally less than 1 wt% at room temperature). It has been calculated that a storage material-hydrogen binding enthalpy of between 20-30 kJ mol −1 5,6 would give the best balance between storage capacity and the energy required to release the hydrogen.
In order to achieve an enthalpy in this range metals may be incorporated into the storage materials, to which H 2 may bind in a Kubas fashion. A Kubas interaction 7, 8 is consistent with a lengthening of the H-H bond without breakage and involves σ-donation from the filled H-H σ-bonding orbital into an empty d orbital of a metal, and simultaneous π-back-donation from a filled metal d orbital into the vacant σ* anti-bonding orbital of the H 2 molecule. This is similar to the synergic bonding described by the Dewar-Chatt-Duncanson model for the interaction of, for example, CO with transition metals. 9, 10 The fabrication of solid state materials which use the Kubas interaction to store hydrogen is a great challenge because it is difficult to synthesize a material that has both a high concentration of low valent, low coordinate binding sites (transition metals in the solid state prefer to be 6-coordinate in most cases), light weight, and enough porosity to allow hydrogen to diffuse through the structure.
Previously, we have investigated, both experimentally and computationally, hydrogen storage materials with first row transition metals in the +3 oxidation state. 2, [11] [12] [13] [14] [15] [16] [17] Our first computational study was of a storage material based on an experimentally confirmed mesoporous silicate with titanium benzyl binding sites, 11 and the second was a hydrazine linked system containing vanadium binding sites. 15 This latter system is of particular interest because the excess volumetric densities at 77 K (60 kg m −3 ) were reported to be greater than that of a metal organic framework (MOF). In both of these systems the experimental enthalpies in the 20-40 kJ mol −1 range are believed to be due to the Kubas interaction, and this was verified by our calculations, 14, 17 which also showed that the highest H 2 binding enthalpies would occur in systems based on early transition metals with hydride ancillary ligands.
In our experimentally characterised systems we observe a trend of rising H 2 binding enthalpy with increased coverage, opposite to the behaviour seen during physisorption. For the silica based systems this was rationalised through a molecular orbital analysis; the binding of one hydrogen molecule alters the energy of the frontier orbitals of the binding site such that the HOMO and LUMO are closer in energy to the HOMO and LUMO of free H 2 , making the binding of the next H 2 molecule more favourable.
14 By contrast, for the hydrazine linked material an analogous molecular orbital analysis proved inconclusive. We suggested that the rising enthalpy trends may be due to cooperativity between the metals of adjacent binding sites, thought to be possible due to the observed metallic conductivity, but the calculations did not include these effects. 17 Rising enthalpies have also been observed recently in KC24 and attributed to lattice expansion effects. 18 In this contribution we study computationally molecular models of the H 2 binding sites of an experimentally characterised Cr gel in which the metal centres are linked by hydrazine based ligands. 19 The best experimentally verified material possesses the highest gravimetric and volumetric storage of any Kubas based material at 298 K (3.2 wt% and 42 kg m −3 at 170 bar without saturation). The materials are largely amorphous ‡ with Cr(II), Cr(III) and Cr(IV) sites, although the majority are Cr(II). X-ray photoelectron spectroscopy shows that the binding mode of the hydrazine and the way that it links the binding sites together also vary, although mostly it links in a -NH-NH 2 -fashion. During synthesis, each Cr(II) has a bis[(trimethylsilyl) methyl] ligand bound to it initially, which is then hydrogenated off. Proposed structures for the Cr(II) sites within the gel before and after hydrogenation are shown in Fig. 1A and 1B respectively, although the coordination number and the geometry of the ligands about the metals are not known for certain. This is because the air sensitive, paramagnetic, and amorphous nature of these materials precludes most detailed methods of structural characterization.
As with our previous computational studies of M(III) silicaand hydrazine-based materials, we here employ molecular models of the binding sites, and probe their interaction with H 2 . We initially benchmark our method against experimental data before investigating the effect of altering the ancillary (i.e. non hydrazine-based) ligand bound to the metal, and the effect of altering the metal from Cr to V and Ti. We also compare the results to those of our previous study of hydrazine linked hydrogen storage materials with transition metals in the +3 oxidation state. 17 
Computational details
Spin-unrestricted DFT, with the Perdew-Burke-Ernzerhof (PBE) 20, 21 exchange correlation functional, was used throughout. This functional was chosen because of its success in our previous studies on the benzyl titanium binding sites of a mesoporous silica 14 and on the vanadium binding sites of a hydrazine linked material, 17 and because it has been shown by Sun et al. to be the best functional to balance computational speed and accuracy when looking at dihydrogen bound to metal centres. 22 It is certainly a commonly used functional in this area of research. [23] [24] [25] [26] [27] [28] The Gaussian 09 code 29 was used for all geometry optimisations, and the 6-311++G** basis [30] [31] [32] [33] [34] [35] [36] sets were used on all atoms. An ultrafine integration grid was used and the RMS force geometry convergence criterion was set to 0.000667 a.u. using IOP 1/7. Stationary points were analysed by performing analytical frequency calculations.
Atoms-in-molecules (AIM) calculations were performed using the AIMALLPro 37 programme on the electron densities at the Gaussian optimised geometries, employing formatted Gaussian checkpoint files as input.
Partial atomic charges were quantified using the Mulliken, Voronoi and Hirshfeld scales. These were calculated at the Gaussian optimised geometries using the Amsterdam Density Functional (ADF) program, [38] [39] [40] with the PBE functional, TZ2P basis sets [41] [42] [43] [44] [45] on all the atoms and the parameter controlling the integration grid set to 6.0. Mulliken charges were also calculated using the Gaussian code and atoms-in-molecules charges were taken from the AIMALLPro output.
The average energy of interaction between the metal and the H 2 units (M-H 2 ) was calculated in ADF as follows. Using the same calculation settings employed for the partial charges, a single point calculation on the geometry of the binding site representation with H 2 molecules bound (BSR(H 2 ) n ) was performed. Two further single point calculations were then performed breaking the molecule into two fragments; the metal-containing fragment (spin-unrestricted) and the (H 2 ) n fragment (spin restricted). The average energy of interaction between the metal and the H 2 units was calculated as
n n E for all species was taken as the SCF energy. This fragment method of calculating the energy of the M-H 2 interaction was used successfully in our analysis of the amorphous silica based hydrogen storage materials 14 and a variation on this method was used for the analysis of the hydrazine linked hydrogen storage materials with vanadium binding sites. 17 In the silica study we evaluated the effects of basis set superposition error, concluding that it was only about 1 kJ mol −1 per H 2 . We have therefore not included corrections for basis set superposition error in the present work.
Whilst searching for alternative structures with different metals and ligands it was found that there were multiple possible true minimum geometries for the same set of ligand, metal and number of H 2 molecules. For example, with Ti(II), a hydride ancillary ligand and one bound H 2 , it is possible to converge several structures with a capped square planar geometry with different relative positioning of the ligands, and also a trigonal bipyramidal structure. These geometries are within 32 kJ mol −1 . Due to the difficulty in locating all possible conformers (and as the geometry about the metal in the experimental system is not known) it was thought best to focus on a single conformer with one bound H 2 when making comparisons between metals and ligands. Therefore, all comparisons, in terms of the energy of the M-H 2 interactions, are made with reference to the binding of one H 2 molecule in a standard molecular conformation. This conformer is not necessarily the global minimum for all combinations of ligands and metals but is a true minimum. The chosen conformers for each of the ligand sets are shown in Fig. 2 . , and when this ligand is replaced with a hydride the maximum in the enthalpy increases to −51.58 kJ mol −1 , a rise in enthalpy after hydrogenation of −33.72 kJ mol −1 .
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The coordination number of the metal is not known experimentally and we have therefore investigated three, four and five coordinate molecular binding site representations (BSRs) (Fig. 3) . The coordination number was increased using hydrazine ligands whilst maintaining the +2 oxidation state of the metal. § The five coordinate BSRs did not bind H 2 molecules and so were discounted. The three coordinate BSR with a hydride ancillary ligand bound the first H 2 molecule as two hydride ligands ( Fig. 4B) Fig. 5 ). This rise in enthalpy upon altering the ancillary ligand (−20.19 kJ mol −1 ) is in reasonable agreement with experiment. Only one H 2 molecule is found to bind to the four coordinate BSRs, also in reasonable agreement with the 1.58 H 2 /Cr seen experimentally (H 2 physisorbed within the pores of the framework is not accounted for in our model). Furthermore, four coordinate BSRs were found to best reproduce the experimental data for the V(III) hydrazine linked system studied previously, 17 and we therefore focus on four coordinate BSRs for the remainder of this work.
Altering the metal
We extended our study to other early first row transition metals by substituting the Cr(II) with Ti(II), V(II) or Mn(II) to see if, as with our work with metals in the +3 oxidation state, 14 there is a trend to fewer bound H 2 molecules as the periodic table is crossed. Fig. 6 shows that this is indeed the case for hydride ancillary ligands, as the number of H 2 molecules bound to the BSRs reduces as the metal is altered, with Ti(II), V(II) and Cr(II) binding three, two and one H 2 molecules, respectively (Mn(II) § The molecular BSRs we employ feature a combination of formally neutral, two-electron donor hydrazine (NH 2 NH 2 ) and formally monoanionic, one-electron donor hydrazide (NHNH 2 ) ligands. By varying the number of the former, we can alter the coordination number of the metal whilst leaving the oxidation state unaltered. Whilst recognising that quantum chemically calculated partial charges never mimic formal charges exactly, Table S1 † presents the charges on parts of the Cr(II) BSR shown in Fig. 3B . It is clear that the formally anionic hydride and hydrazide ligands carry a significantly negative partial charge, while the hydrazine ligands have an overall, smaller positive charge. In this manuscript we use the term "hydrazine-based" to refer to ligand environments containing both hydrazine and hydrazide ligands, specifying the number of each where necessary. was found not to bind any H 2 ). This is also the case for the bis-[(trimethylsilyl)methyl] ancillary ligand (Fig. 7) where only one H 2 molecule may be bound to Cr(II) but two to Ti(II) or V(II). We also observed previously 17 that the M-H 2 interaction energy is not much affected on changing the metal, and this is again the case; Fig. 6 and 7 show the M-H 2 interaction energies to be within 10 kJ mol −1 of each other when one H 2 is bound.
Altering the ancillary ligand
The ancillary ligand was altered from hydride or bis[(trimethylsilyl)methyl] to all N-donor ligands, to two hydride ligands and to tetrahydrofuran (THF). THF may be used as a solvent during the preparation of the experimental materials 16 and may remain bound to the metal centres, and so could be present in the final material.
Previously with first row transition metals in the +3 oxidation state it was observed that ancillary ligands that did not accept electron density via π-back-donation from the metal enhanced 17 This is also the case with the metals in the +2 oxidation state. The generally accepted order of the ancillary ligands' ability to accept π-electron density is two hydrides < one hydride < hydrazide < bis[(trimethylsilyl)methyl] and Table 1 indicates that the M-H 2 interaction energy generally reduces in that order. The fact that changing the alkyl group to a hydride does not alter the number of H 2 /metal but only the strength of binding suggests that the hydride induced amplification of hydrogen storage capacity to 3.2 wt% at 170 bar and 298 K on hydrogenation in the experimental Cr system is due to the loss of weight in the system on alkyl loss as opposed to greater numbers of H 2 binding per site. On the basis of the molecular weight of the Cr hydrazine system (ca. 80 g mol −1 ) the 3.2 wt% would be very close to saturation, although saturation was not observed at the pressures in this study. 18 This also suggests that V(II) materials should be able to bind a maximum of ca. 5 wt% and Ti(II) materials a maximum of ca. 7 wt% on the basis of 2 and 3 H 2 /M respectively, and molecular weights of ca. 80 g mol −1 based on a 1 : 1 M : hydrazine ratio.
The nature of the M-H 2 interaction
As in our previous work on the Ti sites of the silica based systems 14 and the V binding sites of the hydrazine linked systems 17 we again observe evidence for the M-H 2 interaction being of a Kubas type. Experimentally the Kubas interaction is characterised by a lengthening of the H-H bond of the H 2 molecule and a reduction in its stretching frequency upon binding. In our representation of the Cr experimental system the H-H bond lengthens upon binding from its free (computational) value of 0.752 Å to 0.784 Å when there is a bis[(trimethylsilyl) methyl] ancillary ligand and to 0.811 Å with hydride ( Table 1) . The vibrational frequency concomitantly decreases from 4317 cm −1 to 3783 and 3377 cm −1 respectively ( with a hydride ligand are in the Kubas range and are reproduced reasonably well computationally (Table 1 ). Molecular orbitals featuring the two synergic interactions of the Kubas bond, π-back-donation from the metal to the H 2 molecule and σ-donation from the H 2 molecule to the metal, are shown in Fig. 8A and 8B, respectively.
In our previous paper on the V(III) binding sites of a hydrazine linked hydrogen storage material, we studied the M-H 2 interaction via atoms-in-molecules (AIM) theory and benchmarked our analysis against prototypical Kubas systems. 17 In AIM theory, two atoms are considered to be bonding when there is a bond critical point (BCP) between them. The BCP is the minimum on the line of maximum electron density connecting two nuclei (the bond path), and is a maximum in a plane perpendicular to the bond path. The electron density at the BCP is correlated with the strength of the bond. We found the density at the BCP of the H-H bond of the bound H 2 molecule for the classically Kubas systems to be between 0.202-0.219 e bohr (Table 1) . These values are both higher than those of the classically Kubas systems but close to those found for the BSR of the V hydrazine linked gel, studied previously, of 0.238-0.240 e bohr −3 . 17 As for the V hydrazine linked gel, this suggests that the present M-H 2 bonds are weaker than in the classically Kubas systems; there is reduction in the electron density at the BCP of the H 2 molecule from the free H 2 molecule BCP value of 0.256 e bohr −3 , but not quite as much as with the classically Kubas systems. Table 1 also shows that, in general, the electron density at the H-H BCPs increases as the number of bound H 2 units increases. This is in line with the general reduction of the calculated M-H 2 interaction energy as more H 2 are bound.
Previously, in our studies of the V(III) hydrazine linked gel 17 and the Ti(III) sites of the silica based systems, 14 we found that the Kubas interaction was dominated by the σ-donation from the H 2 to the metal such that the partial charge on the metal reduced, in most cases, upon binding H 2 . This is also the case for the BSRs of the experimentally realised Cr(II) system where out of all of the combinations of ancillary ligands and methods of calculating the partial charge, in 15 cases the partial charge on the metal reduces as more H 2 molecules are bound and in only five cases the partial charge increases (Table S2 †) . For example, the partial charge on the Cr in the four coordinate binding site with a hydride ancillary ligand is shown in Fig. 9 . However, when the metal is altered computationally to Ti or V the partial charge neither decreases nor increases significantly in most cases, suggesting a balance between the two synergic components of the Kubas bond. Examples for four coordinate BSRs with Ti or V with a hydride ligand are shown in Fig. 10 and 11 respectively. An increase in the π back-bonding component of the Kubas interaction might be expected in M(II) vs. M(III), and also that the effect would be smallest for Cr(II), due to the stabilisation of the 3d orbitals across the periodic table. This is illustrated in Table 2 ; the occupied orbitals that interact with the H 2 molecule are generally the two lowest d-based orbitals for all of the metals, and those for Cr are much lower in energy than those of Ti or V. The more stable the d-based MOs, the less they will interact with the LUMO of the H 2 molecule (+0.72 eV) and the smaller the π-back-donation component of the M-H 2 bond.
In previous work 17 we have examined the AIM bond paths formed between the H 2 molecules and the metal centres. It would be expected that there would be a bond path between the H atoms, two bond paths from the metal (one to each of the H atoms) and that at the centre of this triangle there would be a ring critical point. However, for every M/H 2 system we have studied, we have found a bond catastrophe in which the ring critical point and the bond critical points are so close together that a ring critical point and one of the bond critical points cancel each other out, 17 as observed previously by Sparkes et al. for the interaction of a CvC double bond with a metal. 46 Thus, there is only one bond path between the metal and one of the H atoms. We have used this bond path to assess the balance of π-back-donation and σ-donation in the Kubas interaction; if the bond path lies mainly on the straight line between the metal and the BCP of the H-H bond, then we concluded that the bond is dominated by σ-donation, but if the bond path is curved away from this line there is a larger π-back-donation component to the Fig. 10 The partial charge on the Ti as a function of the number of H 2 molecules bound for a four coordinate BSR with a hydride ancillary ligand. Fig. 9 The partial charge on the Cr as a function of the number of H 2 molecules bound for a four coordinate BSR with a hydride ancillary ligand. Fig. 11 The partial charge on the V as a function of the number of H 2 molecules bound for a four coordinate BSR with a hydride ancillary ligand. bond. We have attempted a similar analysis of the molecular graphs of the present targets, but unfortunately no clear cut pattern emerged to give a clear indication of the effect of altering the metal on the extent of π-back-donating versus σ-donating components of the M-H 2 bonds. Selected molecular graphs are given in the ESI (Fig. S1 and S2 †).
Conclusions
The The study has been extended to Ti(II), V(II) and Mn(II). It was not possible to bind any H 2 to the latter and hence we predict that Mn(II) based hydrogen storage materials would not perform well. However, Ti(II) and V(II) based systems seem more promising as more H 2 molecules could be bound to these binding site representations than for Cr(II), suggesting that future experiments should focus on the earliest 3d metals. Indeed, calculations for V(II) and Ti(II) suggest 5 and 7 wt%, respectively. Alteration of the metal did not have a large effect on the M-H 2 interaction energy.
The study was also extended to investigate the effect of altering the ancillary ligand bound to the metal centre, from bis[(trimethylsilyl)methyl] or hydride to two hydride ligands, THF and only N-donor ligands. As in our previous work on M(III) systems, 14, 17 it was found computationally that the ancillary ligands that are poor π-acceptors, such as hydrides, give stronger M-H 2 interactions as more of the metal's electron density is available to back donate to the incoming H 2 . The M-H 2 interaction energies therefore reduced with the ancillary ligand in the order two hydrides > hydride > hydrazide > THF ≅ bis[(trimethylsilyl)methyl].
Strong evidence is found that the M-H 2 interaction is Kubas type. We have identified orbitals showing the synergic components of the Kubas bond, i.e. σ-donation from H 2 to the metal and π-back-donation from the metal to the dihydrogen, and AIM analysis indicates that the electron density at the bond critical points of the bound H 2 is similar to that of classical Kubas systems. Previously, with Ti(III), V(III) and Cr(III) systems, we found that the M-H 2 Kubas interaction is dominated by σ-donation from the H 2 to the metal. This is also the case for the present Cr(II) systems but is more balanced between σ-donation and π-back-donation for the Ti(II) and V(II) analogues. This difference in behaviour is traced to a lowering in energy of the metal 3d orbitals across the transition series.
